Phagocytosis by specialized phagocytes such as macrophages and neutrophils mediates an essential function in host innate immune responses to microbial infection. Phagocytes use a variety of phagocytic receptors to internalize microbes. These include immunoglobulin G (IgG) Fc receptors (FcgRs), complement receptors, scavenger receptors, integrins and Toll-like receptors (TLRs) 1 . The molecular mechanisms underlying FcgR-mediated phagocytosis have been investigated extensively 2, 3 . Three types of FcgRs, FcgRI, FcgRII and FcgRIII, are expressed on mouse macrophages 4, 5 . FcgRI and FcgRIII are associated with a g-subunit containing immunoreceptor tyrosinebased activation motifs and function as activating receptors. FcgRII contains tyrosine-based inhibitory motifs and functions as an inhibitory receptor. IgG-opsonized particles initiate phagocytosis by clustering FcgRs, which triggers intracellular signaling, cytoskeletal rearrangement and membrane trafficking 2, 3 . The aggregated FcgRs, as well as the associated g-chain, are then phosphorylated by members of the Src family of protein tyrosine kinases (PTKs) 6 and serve as docking sites for 'downstream' signaling molecules. Syk, a tyrosine kinase essential for FcgR-mediated phagocytosis, is recruited and subsequently activated 7, 8 . Activated Syk induces a downstream signaling process composed of many signaling molecules such as Lat, SLP76, BLNK, Nck, Crk1, protein kinase C, phospholipase C-g, phosphatidylinositol-3-OH kinase b, phospholipase D, phospholipase A2 and extracellular signal-regulated kinase (Erk) 2, 3 . However, the precise functions of these signaling molecules and their order in FcgRmediated signaling remain to be defined.
An important feature of phagocytosis is rapid reorganization of the actin cytoskeleton with accumulation of F-actin under the periphagosomal region 9, 10 . This process is called 'phagocytic cup formation' . Members of the Rho GTPase family provide signals for this actin reorganization during FcR-mediated phagocytosis. The Rho GTPases Rac1 and Cdc42 are essential in actin assembly during FcR-mediated phagocytosis [11] [12] [13] . Inhibition of either enzyme in macrophages results in complete blockade of FcR-mediated phagocytosis because of defective actin assembly at nascent phagosomes 11, 12 . In addition, membrane targeting of active Cdc42 or Rac1 triggers actin polymerization and phagocytosis 14, 15 . The activation of Cdc42 and Rac1 involves the transition from an inactive GDP-bound form to an active GTP-bound form and is catalyzed by guanine nucleotide-exchange factors (GEFs) 16 . In contrast, GTPase-activating proteins (GAPs) function to accelerate the transition of active GTPase, which is GTP bound, to the inactive GDP-bound form. Vav, a Rho GTPase GEF, activates Rac1 during FcgR-mediated phagocytosis 17 . However, Rac1 is recruited to sites of particle attachment in its inactive, GDP-bound state and the recruitment is independent of Vav activity. These data suggest that other, unidentified proteins are involved in the localized recruitment of Rac1 and Cdc42 to the FcR.
Calcium-promoted Ras inactivator (CAPRI) is a member of the GAP1 family of Ras-specific GAPs 18 . Other members of the GAP1 family of Ras-GAPs include GAP1 1P4BP , GAP1 m and RASAL [19] [20] [21] [22] [23] . These proteins share four conserved structural domains: two tandem C2 domains at the N terminus, a GAP-related domain (GRD) in the middle, and both a pleckstrin homology domain and a Bruton's tyrosine kinase motif at the C terminus. Human CAPRI has been cloned and characterized as a Ras-GAP 18 . It localizes to the cytosol of unstimulated cells and rapidly translocates to the plasma membrane after calcium mobilization. CAPRI demonstrates Ras-GAP activity only when expressed in cells, not in its purified form 18 . Here we show that CAPRI is essential in FcgR-mediated phagocytosis and innate immune responses to bacterial infection. Our results suggest that CAPRI functions as an adaptor protein that links FcgR to Cdc42 and Rac1.
RESULTS

Generation of CAPRI-deficient mice
We cloned mouse Rasa4 (human gene, CAPRI) using gene differential analysis. Full-length mouse CAPRI contains 802 amino acids, with two C2 domains, a GRD and a pleckstrin homology-Bruton's tyrosine kinase domain ( Supplementary Fig. 1 online) . Mouse CAPRI shares 95% and 87% amino acid identity with rat and human CAPRI, respectively. To assess Rasa4 expression, we probed a mouse tissue mRNA blot with a Rasa4 cDNA fragment. Spleen, lymph node and muscle had high expression of Rasa4 mRNA, and brain, thymus, kidney and lung had low expression of Rasa4 mRNA (Fig. 1a) .
To investigate the function of CAPRI in the immune system, we used targeted gene deletion to generate mice lacking CAPRI expression. We replaced exon 5 of Rasa4, encoding amino acids 101-143, with a neomycin-resistance cassette (Fig. 1b) and confirmed homologous recombination of the targeting construct in embryonic stem cells by DNA blot analysis (Fig. 1c) . We used three individual embryonic stem clones with the correct targeting to generate chimeric mice. We back-crossed the initial heterozygous mice on a 129-C57BL/ 6 mixed background with C57BL/6 mice for seven generations before doing phenotypic and functional analyses. We assessed CAPRI protein expression using polyclonal antibody to mouse CAPRI (anti-mouse CAPRI). The antibody specifically detected mouse CAPRI in KMI T hybridoma cells ectopically expressing mouse CAPRI but not in parental cells (Fig. 1d) . CAPRI was not detected in lymph nodes and macrophages of CAPRI-deficient mice by immunoblot analysis (Fig. 1d) , indicating successful deletion of Rasa4 in vivo.
Bacterial clearance in CAPRI-deficient mice CAPRI-deficient mice had a normal appearance and lifespan in a specific pathogen-free facility. Lymphocyte and myeloid cell development in the thymus, spleen, lymph node and bone marrow was normal, as determined by flow cytometry (data not shown). Given the expression of CAPRI in macrophages (Fig. 1d) , we examined the innate immune response of CAPRI-deficient mice by infecting mutant and control mice with Salmonella typhimurium, a Gram-negative bacterial pathogen. Notably, 80% of CAPRI-deficient mice died within 2 d of intraperitoneal injection of S. typhimurium at a dose of 1 Â 10 5 colony-forming units (CFU)/mouse, whereas none of the control mice succumbed (Fig. 2a) , indicating that CAPRI-deficient mice are more susceptible to S. typhimurium infection. We then examined the innate immune response of CAPRI-deficient mice to the Gram-positive bacterial pathogen Streptococcus pneumoniae, a leading cause of community-acquired pneumonia in humans. We infected CAPRI-deficient and control mice with S. pneumoniae by intratracheal injection and monitored the mice for 3 d. The majority of the CAPRIdeficient mice (60%) died within 3 d of S. pneumoniae infection. In contrast, all of the control mice survived the same bacterial challenge (Fig. 2b) . Correlating with the impaired innate immune response to S. pneumoniae infection, histological analysis of lungs from the infected CAPRI-deficient mice showed massive inflammation, with a dense infiltration of neutrophils and monocytes (Fig 2c) . In contrast, lungs from infected control mice had normal alveolar architecture and no signs of inflammation (Fig 2c) . Furthermore, we did not detect any S. pneumoniae bacteria in lungs of the control mice 3 d after infection. However, an average of 5.3 Â 10 4 S. pneumoniae per gram of tissue were present in the lungs of CAPRI-deficient mice, indicating defective bacterial clearance in the lungs of the mutant mice (Fig. 2d) . We also infected CAPRI-deficient mice with Haemophilus influenzae and group B streptococcus (GBS). CAPRI-deficient mice had a considerably reduced ability to clear these two bacterial strains from their lungs 3 d after intratracheal infection (Fig. 2d ). These results demonstrate that CAPRI-deficient mice have a defective innate immune response to bacterial infection.
FccR-mediated phagocytosis
Macrophages are the main innate immune cell population. The defective bacterial clearance in CAPRI-deficient mice may have been the result of impaired phagocytosis and/or activation of macrophages in response to microbial pathogens. To test this, we analyzed bacterial phagocytosis by peritoneal macrophages from CAPRIdeficient and control mice. Compared with controls, CAPRI-deficient macrophages showed a 70% reduction in the phagocytosis of S. pneumoniae and a slight decrease in the phagocytosis of H. influenzae. However, phagocytosis of Staphylococcus aureus and GBS was comparable to that of controls (Fig. 3a) . Because bacteria opsonized with normal mouse serum might be phagocytosed by a variety of phagocytic receptors on macrophages, we directly assessed FcgR-mediated phagocytosis using IgG-opsonized sheep red blood cells (SRBCs). Compared with control cells, peritoneal macrophages from CAPRI-deficient mice showed an 80% reduction in the phagocytosis of IgG-opsonized SRBCs (Fig. 3b) . Furthermore, bone marrow-derived macrophages also demonstrated a similar defect in FcgR-mediated phagocytosis (Fig. 3c) . In contrast, phagocytosis of complement-opsonized zymosan particles was comparable in CAPRIdeficient macrophages and control cells (Fig. 3d) . The defective FcgRmediated phagocytosis of CAPRI-deficient macrophages was not due to differences in expression of FcgRII and FcgRIII (Fig. 3e) . In addition, the binding of IgG-opsonized SRBCs to CAPRI-deficient macrophages at 4 1C was comparable to that of control cells (data not shown). These results suggest that CAPRI may regulate FcgRmediated phagocytosis downstream of the FcgR. An early event in FcgR-mediated phagocytosis is actin polymerization underlying the membrane associated with FcgR and phagocytic cup formation. We examined actin polymerization and phagocytic cup formation in CAPRI-deficient and control macrophages using phallacidin to visualize F-actin. Incubation of IgG-opsonized SRBCs with control macrophages readily induced actin polymerization and the formation of multiple phagocytic cups (Fig. 4a) . However, most CAPRI-deficient macrophages did not form any visible phagocytic cups (Fig. 4a) . We determined the percent of macrophages that contained phagocytic cups (Fig. 4b) . Although 92% of the control macrophages formed two or more phagocytic cups after incubation with IgG-opsonized SRBCs, there was phagocytic cup formation in less than 25% of the CAPRI-deficient macrophages, indicating that CAPRI-deficient macrophages are defective in actin polymerization and phagocytic cup formation.
CAPRI is localized in the cytosol when expressed in the COS fibroblast cell line and rapidly translocates to the plasma membrane after increases in intracellular calcium 18 . Therefore, we examined the localization of CAPRI during FcgR-mediated phagocytosis. CAPRI was enriched in the phagocytic cups in control macrophages after engagement of FcgR with IgG-opsonized SRBCs (Fig. 4a) . In contrast, CAPRI-deficient macrophages had only low background staining and functioned as a negative control for the antibody to CAPRI (anti-CAPRI; Fig. 4a ). These results suggest that CAPRI translocates to plasma membranes and associates with phagocytic cups during FcgRmediated phagocytosis. FcgR-mediated internalization of immune complexes in macrophages induces an oxidative burst that is important in pathogen clearance 1 . We examined the FcgR-mediated oxidative burst in CAPRI-deficient and control macrophages using insoluble immune complexes of bovine serum albumin (BSA) and anti-BSA in which the BSA is covalently labeled with dichlorodihydrofluorescein. Oxidation of the dichlorodihydrofluorescein to dichlorofluorescein results in green fluorescence that can be monitored by flow cytometry. CAPRI-deficient macrophages had a much smaller oxidative burst than that of control macrophages (Fig. 4c) . The impaired FcgRinduced oxidative burst in the mutant macrophages was not due to a general defect in the production of superoxide anion, as stimulation of control and mutant macrophages with phorbol-12-myristate-13-acetate produced similar amounts of superoxide anion (Fig. 4d) . These results demonstrate that CAPRI is essential to FcgR-mediated phagocytosis and the oxidative burst.
CAPRI links FccR to Cdc42 and Rac1
Activation of Cdc42 and Rac1 promotes actin polymerization and phagocytic cup formation 14, 15 and is essential for FcgR-mediated phagocytosis [11] [12] [13] . We hypothesized that CAPRI may be involved in the activation of these two Rho GTPases. To assess the activation of Cdc42 and Rac1 in FcgR-stimulated macrophages, we did an affinity precipitation assay using the p21-binding domain of p21-activated kinase 1 as a binding partner for Cdc42-GTP and Rac1-GTP. We elicited peritoneal macrophages from CAPRI-deficient and wildtype control mice and incubated the cells with monoclonal antibody (mAb) 2.4G2, which recognizes mouse FcgRII and FcgRIII, followed by crosslinking with anti-rat IgG. Cdc42-GTP and Rac1-GTP were readily detected in elicited peritoneal macrophages from control mice and were upregulated after crosslinking of FcgRII and FcgRIII with mAb 2.4G2 (Fig. 5a) . In contrast, Cdc42-GTP was not detected in freshly isolated peritoneal macrophages from CAPRIdeficient mice and increased only slightly after FcgR stimulation (Fig. 5a ). Rac1-GTP was also substantially reduced in resting and FcgR-stimulated CAPRI-deficient peritoneal macrophages (Fig. 5a) . We then examined Cdc42 and Rac1 activation in bone marrowderived macrophages. Unstimulated bone marrow macrophages from CAPRI-deficient and control mice had similar amounts of Cdc42-GTP and Rac1-GTP (Fig. 5a) . However, upregulation of these activated Rho GTPases in CAPRI-deficient bone marrow macrophages after FcgR stimulation was impaired (Fig. 5a) . These results demonstrate that CAPRI is critical for the activation of both Cdc42 and Rac1 after FcgR engagement. We considered two possible functions for CAPRI in FcgR-mediated phagocytosis. The first possibility was that, like Vav, CAPRI functions as a GEF for Cdc42 and Rac1. Because CAPRI demonstrates Ras-GAP activity only when transfected into Chinese hamster ovary (CHO) cells but not in its purified in vitro form 18 , we determined whether CAPRI functions as a GEF for Cdc42 and Rac1 by overexpressing it in the RAW264.7 macrophage cell line. Using a retrovirus vector expressing human CD2 as a marker, we sorted polyclonal RAW264.7 cells expressing CAPRI by flow cytometry and measured Cdc42-GTP and Rac1-GTP with an affinity precipitation assay (Fig. 5b) . As expected, Ras-GTP was decreased in RAW264.7 cells overexpressing CAPRI (data not shown). However, overexpression of CAPRI in RAW264.7 cells did not result in an obvious increase in Cdc42-GTP and Rac1-GTP before or after FcgR stimulation (Fig. 5b) . Furthermore, overexpression of CAPRI in RAW264.7 macrophage cells did not enhance their FcgR-mediated phagocytosis (Fig. 5c) . These results challenge the idea that CAPRI has an intrinsic catalytic activity as a GEF for Cdc42 and Rac1.
An alternative possibility was that CAPRI functions as an adaptor for localized recruitment of Cdc42 and Rac1 to the sites of particle attachment during FcgR-mediated phagocytosis. To determine whether CAPRI interacts with Cdc42 and Rac1 in macrophages, we did immunoprecipitation assays. We precipitated total cell lysates from wild-type peritoneal macrophages with anti-Cdc42 or anti-Rac1 before or after FcgR crosslinking with mAb 2.4G2. We blotted the precipitates with polyclonal anti-mouse CAPRI. CAPRI was readily precipitated by anti-Cdc42 or anti-Rac1 with or without FcgR crosslinking (Fig. 6a) . To further confirm the interaction between CAPRI and Cdc42 or Rac1, we did coimmunoprecipitation assays using CHO cells ectopically expressing human CAPRI 18 . Human CAPRI was also coimmunoprecipitated with Rac1 or Cdc42 in CHO cells (Fig. 6b) . Mutation of the human CAPRI GRD domain (Arg473 to Ser473) that inactivates its GAP activity 18 did not affect the interaction between human CAPRI and these two Rho GTPases (Fig. 6b) . Furthermore, expression of either wild-type human CAPRI or the human CAPRI GRD domain mutant did not modulate cellular Cdc42-GTP or Rac1-GTP in CHO cells (Fig. 6c ). These results demonstrate that CAPRI interacts with Cdc42 and Rac1 constitutively but it does not seem to modulate Cdc42-GTP or Rac1-GTP when overexpressed. The findings that CAPRI constitutively interacts with Cdc42 and Rac1 and is translocated to phagocytic cups during FcgR-mediated phagocytosis suggested that CAPRI may localize together with these GTPases in the membranes around phagocytic cups. We used confocal microscopy to examine the localization of CAPRI and Rac1 in primary macrophages during FcgR-mediated phagocytosis. CAPRI localized together with Rac1 not only on the membrane edges around phagocytic cups but also intracellularly (Fig. 6d) . These data are consistent with constitutive interaction between CAPRI and Rac1.
We next determined the structural basis underlying the interaction between CAPRI and Cdc42 or Rac1. For this, we generated Myctagged wild-type CAPRI and CAPRI plasmids with deletion of various domains (Fig. 7a) and transiently expressed these constructs in HEK293 cells (Fig. 7b) . Coimmunoprecipitation assays showed that CAPRI mutants 2 and 3, containing amino acid 1-555 and 240-802 of CAPRI, respectively, retained the capacity to interact with Rac1 and Cdc42 (Fig. 7b) . In contrast, CAPRI mutant 1, containing amino acids 1-240, did not interact with either Rac1 or Cdc42 (Fig. 7b) . These results suggest that the interaction between CAPRI and Rac1 or Cdc42 is mediated through its GRD domain (Fig. 7a) .
The defective FcgR-mediated phagocytosis in CAPRI-deficient macrophages may also have resulted from impairment of other signaling pathways in addition to Cdc42 and Rac1 activation. To test that hypothesis, we examined whether expression of activated Cdc42 or Rac1 in CAPRI-deficient macrophages restored the defect. We expressed constitutively active Cdc42 or Rac1 tagged with enhanced green fluorescence protein in wild-type and CAPRI-deficient macrophages by retrovirus-mediated gene delivery and assessed their phagocytotic ability. Expression of active Cdc42 or Rac1 not only restored the defective FcgR-mediated phagocytosis of CARPI-deficient macrophages but also enhanced the FcgR-mediated phagocytosis of both wild-type and CAPRI-deficient macrophages by 50-70% (Fig. 7c) . These results suggest that the decreased activation of Cdc42 and Rac1 in CAPRI-deficient macrophages mainly accounts for the defective FcgR-mediated phagocytosis.
CAPRI in Ras-MAPK signaling
Given that CAPRI demonstrates Ras-GAP activity when overexpressed in cell lines 18 , we determined whether CAPRI functions as a negative regulator in the Ras-mitogenactivated protein kinase (MAPK) signaling pathway in macrophages after FcgR stimulation. We elicited macrophages from CAPRI-deficient and control mice, stimulated them with mAb 2.4G2 and assessed Erk phosphorylation. CAPRI-deficient macrophages showed a substantial increase in the phosphorylation of Erk proteins 5 min after FcgR stimulation (Fig. 8a) . We then examined total protein phosphorylation in CAPRI-deficient macrophages after FcgR stimulation. There was a slight increase in phosphorylated proteins with molecular weights in the range of 50-80 kilodaltons in CAPRI-deficient macrophages before FcgR stimulation (Fig. 8b) . However, we did not find an obvious difference in the global pattern of protein phosphorylation in mutant and control macrophages after FcgR crosslinking (Fig. 8b) .
FcgR-mediated phagocytosis in macrophages is dependent on the Src family PTKs and Syk [6] [7] [8] . Our results had demonstrated a critical function for CAPRI in FcgR-mediated phagocytosis and in the activation of Cdc42 and Rac1. To further investigate the possible link between CAPRI and Src PTK-Syk activity, we assessed the phosphorylation of Syk after FcgR crosslinking in CAPRI-deficient and control macrophages. The phosphorylation of Syk in CAPRIdeficient macrophages after FcgR engagement was not impaired (Fig. 8c) . Furthermore, the phosphorylation of Cbl, a Src PTK substrate, in CAPRI-deficient macrophages was comparable to that of control cells after FcgR stimulation (Fig. 8c) . These data demonstrate that CAPRI deficiency did not result in impaired Src PTK-Syk activity and suggest that CAPRI-mediated activation of Cdc42 and Rac1 may parallel Src PTK-Syk activity.
TLR signaling in CAPRI-deficient macrophages Rac1 has been linked to TLR2-mediated activation of the transcription factor NF-kB 24 . Given the defective activation of Rac1 in CAPRI-deficient macrophages and the impaired innate immune response of CAPRI-deficient mice, we determined the function of CAPRI in TLR signaling. We stimulated elicited peritoneal macrophages from CAPRI-deficient and control mice with zymosan, peptidoglycan, lipoteichoic acid and lipopolysaccharide and measured production of tumor necrosis factor and interleukin 6. Macrophages from CAPRI-deficient and control mice had similar secretion of tumor necrosis factor and interleukin 6 Figure 8 The effect of CAPRI deficiency on the activation of Erk, Syk and Cbl. (a) Activation of Erk in CAPRI-deficient (À/À) and wild-type (+/+) macrophages. Equal number of elicited macrophages were incubated with mAb 2.4G2 (to FcgRII and FcgRIII) and were crosslinked with anti-rat IgG (time, above lanes). Total cell lysates were blotted with antibody to phosphorylated Erk1/2 (P-Erk1/2) or anti-Erk2.
(b) Total protein phosphorylation in CAPRI-deficient and wild-type macrophages. Macrophages were treated as described in a and were lysed for blotting with mAb 4G10 (to phosphorylated tyrosine). Right margin, molecular weights. (c) Phosphorylation of Syk and Cbl in CAPRI-deficient macrophages. Cells were treated as described in a. Whole-cell lysates were precipitated with antibody to phosphorylated Syk (P-Syk) and were blotted with anti-Syk. Phosphorylated Cbl (P-Cbl) and total Syk and Cbl were assessed by direct blotting of the total cell lysates. Data are representative of two experiments.
( Supplementary Fig. 2 online) . Furthermore, activation of the Ras-MAPK pathway in CAPRI-deficient and control macrophages was almost identical after stimulation with heat-killed S. pneumoniae or S. aureus ( Supplementary Fig. 2 online) . These results suggest that CAPRI does not have an active function in TLR-induced signaling pathways.
DISCUSSION
Here we have demonstrated that CAPRI is essential in FcgRmediated macrophage phagocytosis and the innate immune response to bacterial infection. We have shown that CAPRI-deficient macrophages have defective activation of the Rho GTPases Cdc42 and Rac1. It is well established that activation of Cdc42 and Rac1 is required for FcR-mediated phagocytosis [11] [12] [13] . However, it has not been clear what links exist between FcgR and Cdc42 and Rac1 activities. Our data suggest that CAPRI functions as an adaptor protein that links FcgR to Cdc42 and Rac1 activities. It has been proposed that FcgR clustering activates Syk and it will in turn activate a GEF for Rho GTPases 2 . Among the many GEFs for Rho GTPases, Vav activates Rac1, but not Cdc42, during FcgR-mediated phagocytosis 17 . However, the involvement of Vav in the activation of Rac1 is restricted to catalysis of GDP-GTP exchange on Rac rather than localized recruitment of Rac to the plasma membrane associated with aggregated FcgR, as inhibition of Vav exchange activity does not prevent Rac recruitment to the sites of particle attachment 17 . Thus, Rac1 recruitment depends on other, unidentified molecules. Four lines of evidence support the idea that CAPRI functions as an adaptor protein for the localized recruitment of both Cdc42 and Rac1 to the plasma membrane associated with clustered FcgR. CAPRIdeficient macrophages showed impaired FcgR-mediated but not complement receptor-mediated phagocytosis. This was accompanied by defective activation of Cdc42 and Rac1 after FcgR crosslinking in both peritoneal and bone marrow-derived macrophages. Both mouse and human CAPRI constitutively interacted with Cdc42 and Rac1 in macrophages and cell lines. Our mapping study further suggested that the interaction is mediated through the GRD domain on CAPRI. CAPRI showed considerable accumulation in actin-rich phagocytic cups and the phagosomal membrane during FcgR-mediated phagocytosis and localized together with Rac1 in these areas. Finally, overexpression of mouse CAPRI in RAW264.7 macrophages and human CAPRI in CHO cells did not result in increased Cdc42-GTP or Rac1-GTP, challenging the idea that CAPRI serves as a GEF for Cdc42 and Rac1. Along with published work on CAPRI 18 , our results suggest that after FcgR clustering, CAPRI targets Cdc42 and Rac1 to the plasma membrane associated with aggregated FcgR. Activation of Cdc42 and Rac1 is then catalyzed by GEFs such as Vav.
There was less Cdc42-GTP and Rac1-GTP in elicited peritoneal but not bone marrow-derived macrophages from CAPRI-deficient mice without FcgR stimulation than in control cells. We believe that this result may be related to the activation status of these macrophages. Thioglycollate broth-inflamed peritonum provides strong inflammatory stimuli to receptors other than FcRs on macrophages. These activated macrophages respond to chemoattractant signals and activate Cdc42 and Rac1 for their migration. Given the constitutive association of CAPRI with Cdc42 and Rac1 in macrophages, these data suggest that CAPRI may function in the activation of Cdc42 and Rac1 in other pathways in addition to FcgR-mediated signaling.
Defective activation of Cdc42 and Rac1 in CAPRI-deficient macrophages does not result from impaired signaling events associated with Src PTK-Syk activity. The functions of Src family PTKs and Syk in FcgR-mediated phagocytosis have been firmly established [6] [7] [8] . Macrophages lacking three Src family PTKs (Hck, Fgr and Lyn) have impaired internalization of IgG-opsonized particles 6 . In addition, phosphorylation of Syk, Cbl and total cellular proteins is reduced considerably or is completely absent in macrophages from these triple-knockout mice. Macrophages lacking Syk also have defects similar to those of macrophages lacking Src PTKs 7, 8 , suggesting that the Src PTK-Syk pathway is essential for FcgR-mediated phagocytosis. However, the function of Src PTKs and Syk in actin assembly during FcgR-mediated phagocytosis is not conclusive 7, [25] [26] [27] . The fact that macrophages from Sykdeficient mice have normal phagocytic cup formation but cannot complete closure of the pocket generated by the advancing membrane edges 7 suggests that Syk may mediate a signaling event for phagocytic cup closure during FcgR-mediated phagocytosis. Nevertheless, the normal phosphorylation of Syk, Cbl and total cellular substrate in CAPRI-deficient macrophages indicates that CAPRI is not required for these signaling processes. Moreover, the intact signaling of Src PTKs and Syk in CAPRI-deficient macrophages may account for the residual activation of Cdc42 and Rac1 during FcgRmediated phagocytosis.
Our data suggest that CAPRI has multiple functions in FcgRinduced signaling. In addition to acting as an adaptor for Cdc42 and Rac1, CAPRI also functions as a negative regulator of the Ras-MAPK signaling pathway induced through the FcgR in macrophages. This idea is supported by the observation that FcgR clustering of elicited peritoneal macrophages from CAPRI-deficient mice induced more phosphorylation of Erk. Given the importance of the Ras-MAPK pathway in TLR signaling 28 , however, the finding that several ligands for TLR2 and TLR4 induced normal cytokine production and phosphorylation of Erk and the kinase Jnk in CAPRI-deficient macrophages was unexpected. These results suggest that CAPRI function is not essential in the TLR-induced signaling pathway and that other Ras-GAPs regulate TLR signaling in macrophages. In addition, the normal TLR2 signaling in CAPRI-deficient macrophages suggests that Rac1 activation by TLR2 signaling 24 is independent of CAPRI.
Our data have demonstrated an essential function for CAPRI in the innate immune response to bacterial infection. The inability of CAPRI-deficient mice to clear bacterial infection may reflect defective phagocytosis such as that in S. pneumoniae infection. Unexpectedly, although CAPRI-deficient macrophages did not show obvious defects in the phagocytosis of H. influenzae and GBS, the in vivo clearance of these bacteria was still impaired. This defect is probably due to the substantially reduced oxidative burst in CAPRIdeficient macrophages in vivo. Furthermore, FcR-mediated signaling is the main pathway for oxidative burst in macrophages 1 . Other phagocytic receptors on macrophages may compensate for the loss of FcR-mediated internalization of H. influenzae and GBS but cannot substitute for the oxidative burst induced by FcR stimulation. Alternatively, CAPRI may participate in other pathways critical for clearance of these bacteria in vivo.
METHODS
Generation of CAPRI-deficient mice. Mouse Rasa4 cDNA was isolated by RT-PCR from the thymi of C57BL/6 mice based on sequences from a gene product obtained by differential analysis. A bacterial artificial chromosome genomic clone containing Rasa4 was purchased from Genome Systems and was partially mapped by restriction digestion and sequencing. For the generation of a targeting construct of Rasa4, a 1.8-kilobase (kb) HincII-XhoI fragment upstream of exon 5 of Rasa4 was cloned into the HincII-SalI sites on the pGK plasmid and a 7.2-kb NdeI-SmaI fragment downstream of exon 5 was cloned into the SmaI site. Successful targeting would replace 1.4 kb of Rasa4 genomic DNA containing exon 5, encoding amino acids 101-143 of CAPRI, with a neomycin-resistance gene cassette. A diphtheria toxin gene was used as negative selection for nonhomologously recombined clones. The targeting construct was transfected by electroporation into TC1 embryonic stem cells derived from the 129 mouse strain 29 . Embryonic stem cell clones with homologous recombination were screened by PCR and their identity was confirmed by Southern blot analysis. Three individual correctly targeted embryonic stem lines were used to generate chimeric mice. Heterozygous CAPRI mutant mice back-crossed to C57BL/6 mice for seven generations were used to generate homozygous CAPRI-deficient mice and wild-type control mice. All animals used in the experiments at 6-12 weeks of age were derived from the interbreeding of the homozygous CAPRI-deficient mice and wild-type controls described above. Mice were housed in a specific pathogen-free facility in the Duke University Vivarium and were used according to protocols approved by the Duke University Institutional Animal Care and Use Committee (Durham, North Carolina).
Bacterial infection of CAPRI-deficient mice. S. typhimurium, S. pneumoniae, GBS and H. influenzae were clinical isolates provided by J.R. Wright (Duke University, Durham, North Carolina). S. aureus was from American Type Culture Collection (ATCC 12598). Bacterial cultural plates, including nutrient agar plates, chocolate II agar plates (with hemoglobin and isovitalex) and trypticase soy agar plates (with 5% sheep blood), were obtained from Becton Dickinson Microbiology Systems. Age-matched CAPRIdeficient and control mice were infected by intraperitoneal injection of S. typhimurium (1 Â 10 5 CFU) in 200 ml of PBS and were monitored for survival for 3 d. Lung infection of mice with bacteria was done as described 30 . Mice were anesthetized by intraperitoneal injection of ketamine and xylazine and an anterior midline incision was made to expose the trachea. A 100-ml inoculum was dispersed into the lungs with a 30-gauge needle attached to a tuberculin syringe. All bacterial doses used for in vivo infection were determined by plating of a fraction of the inoculum after the infection and were as follows: 1 Â 10 8 CFU for S. pneumoniae survival assay, 1 Â 10 5 CFU for S. pneumoniae bacterial clearance assay, 2 Â 10 8 CFU for H. influenzae and 1.6 Â 10 5 CFU for GBS in lung infections. Bacterial clearance in the lungs was determined at day 3 after the infection by homogenization of the lungs in 2 ml of sterile PBS and plating on appropriate agar plates for the CFU count.
DNA blot and mRNA blot. Isolation of genomic DNA and RNA and blotting of DNA and mRNA were done as described 31 . The mRNA (2 mg) from various tissues was analyzed by mRNA blot with a 1-kb cDNA fragment encoding part of CAPRI.
Macrophage phagocytosis. Peritoneal macrophages were collected from groups of two to four mice 3-4 d after injection of 1 ml of 3% thioglycollate broth and were isolated by adherence of the cells to tissue plates for 1 h at 37 1C. Bone marrow-derived macrophages were generated from 6-day cultures of bone marrow cells in DMEM containing 20% FBS and 30% L929 cell-conditioned medium 30 . The macrophage phagocytosis assay was done according to a standard protocol 32 . Resident peritoneal macrophages and bacteria opsonized with normal mouse serum were mixed in suspension at a ratio of 1:10 (cell/bacteria), were rotated for 20-25 min at 37 1C and washed and were stained with Diff-Quik, and at least 200 macrophages per sample were counted by oil-immersion microscopy. The phagocytic index was calculated as follows: percent macrophages containing at least one bacterium Â mean number of bacteria per positive cell.
For analysis of FcgR-mediated phagocytosis, peritoneal or bone marrow-derived macrophages were cultured overnight on glass coverslips and were incubated with SRBCs opsonized with rabbit anti-SRBC IgG (1 mg/ml; Nordic Immunology) at a ratio of 1:10. Samples were incubated for 15-30 min at 4 1C for binding followed by 15-30 min at 37 1C for phagocytosis. Cell surface-bound SRBCs were lysed with hypotonic buffer and the macrophages were fixed in 2.5% glutaraldehyde solution before being counted.
Fluorescein isothiocyanate-labeled zymosan particles (Molecular Probes) were used for complement-mediated phagocytosis. Zymosan particles (5.4 Â 10 7 ) were opsonized for 30 min at 37 1C with 150 ml normal mouse serum and were mixed with macrophages at various ratios. The mixtures were then centrifuged and were incubated for 30 min at 4 1C to allow zymosan binding. Unbound particles were washed with cold PBS. Prewarmed medium was added to initiate phagocytosis. Macrophages were fixed with 3.7% paraformaldehyde after cell surface-bound zymosan particles were 'quenched' with trypan blue (2 mg/ml). Phagocytosed fluorescein isothiocyanate-zymosan particles were counted using a fluorescence microscope.
Additional methods. Descriptions of the methods used for the generation and expression of DNA constructs in cell lines and primary macrophages; microscopic imaging; macrophage activation by FcgR crosslinking and pathogenassociated molecular patterns; macrophage oxidative burst; immunoblot and immunoprecipitation; and assay of activated Rac1 and Cdc42 are in the Supplementary Methods online. 
